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Abstract 
This paper established 3D coupled thermo-mechanical finite element simulation model of a conical ring rolling process. Three 
simulation experiments were designed and performed. The effects of key simulation parameters such as mass scaling factor, 
time scaling factor and remeshing sweeps per increment on simulation time and volume change of conical ring were 
investigated and analyzed. The reasonable values of simulation parameters in conical ring rolling process were determined for 
decreasing simulation time and simultaneously reducing finite element simulation error.  
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1. Introduction 
The radial conical ring rolling with a closed die structure on the top and bottom of driven roll is a branch of ring 
rolling. This rolling process is an advanced plastic forming technology that can produce seamless conical rings. It 
has advantages in saving materials and costs and improving production efficiency. The closed die structure on the 
top and bottom of driven roll can effectively prevent the generation of fishtail detects of conical rings and thus be 
frequently used in actual conical ring rolling processes by (Yuan, 2006) and  (Han et al., 2007). The most typical 
conical products are nozzle supports, flanges (Seitz et al., 2013), aero-engine accessory, the main part of nuke 
reactor shell (Wang et al., 2007), and aluminum alloy conical ring with inner steps (Han et al., 2007). 
Recently, to decrease simulation time, many scholars simulated the ring rolling processes by changing the 
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numbers of meshes, using advanced FE method, establishing appropriate optimization method and using mass 
scaling technology, respectively. Xu et al. (1991) set up a rigid plastic finite element analysis model of a ring 
rolling process, and analyzed the spreads and the pressure distribution in the roll gap. In order to reduce the 
simulation time, they selected different mesh numbers for the different analysis purposes. Lim et al. (1998) 
simulated rectangular and V-shaped ring rolling processes and improved computational time by 70% by using an 
implicit finite-strain updated-Lagrangian elastic-plastic FEM and a hybrid mesh model. Davey and Ward (2000) 
efficiently simulated ring rolling process by using arbitrary Lagrangian-Eulerian flow formulation and successive 
preconditioned conjugate gradient method. Wang et al. (2010) proposed an optimization objective function for the 
shortest simulation time, and their proposed optimization method reduced the simulation time by 28%. Qian et al. 
(2005) adopted mass scaling technology to decrease simulation time in rigid-plastic finite element simulation of 
ring rolling. The calculated results agreed well with simulation ones. 
    To sum up, scholars mainly investigated the numerical simulation methods that can decrease simulation time in 
rectangular and V-shaped ring rolling processes. However, in the current studies, the effects of numerical 
simulation methods on the simulation accuracy were rarely discussed. And the studies about the effects of 
simulation parameters on conical ring rolling process were rarely reported. Therefore, it is necessary to investigate 
the effects of key simulation parameters such as mass scaling factor, time scaling factor and remeshing sweeps per 
increment on virtual conical ring rolling process. Based on ABAQUS software, this paper established the coupled 
thermo-mechanical 3D finite element model of a conical ring rolling process and investigated the effects of key 
simulation parameters on simulation time and volume change of the conical ring. 
 
                                      (a) 
     
(b)                                                                                   (c) 
Fig. 1. (a) Dimensions of conical ring and rolls; (b) FE model of radial conical ring rolling; (c) simulation results. 
2. FE modeling of conical ring rolling process 
The material Ti-6Al-4V is used in the FE model of the radial conical ring rolling process with a closed die 
structure on the top and bottom of driven roll. Its mechanical property and temperature-dependent physical 
properties are from reference (Yan et al., 2002). The conical ring is defined as a 3D deformable body; all rolls are 
defined as rigid bodies. Coupled thermo-displacement eight nodes six faces element is adopted to mesh the conical 
ring blank. The contact relationships between conical ring and rolls are defined. The frictional conditions and 
thermal conditions (thermal conduction, thermal convection and thermal radiation) are considered in the FE model. 
The friction factor between conical ring and rolls is 0.5. The temperature of initial conical blank is 900 °C. The 
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temperature of driven roll and guide rolls is 100 °C. The temperature of mandrel is 200 °C. The temperature of 
environment is 20 °C. The mass scaling technology, reduction integration technology and hourglass control 
technology are also employed. The feeding strategy that can realize a constant outer-radius-growth-rate of conical 
ring is adopted. The outer-radius-growth-rate of ring is selected as 4mm/s. The total feed amount of mandrel is 70 
mm.  
Fig. 1(a) shows the dimensions of the ring and rolls. Fig. 1(b) shows the established simulation model for the 
conical ring rolling process with the closed die structure on the top and bottom of driven roll. Fig. 1(c) shows the 
simulation results the conical ring rolling process. 
3. Design of numerical simulation experiments 
In numerical simulation of the conical ring rolling process, in order to achieve the convergence of the finite 
element solution, the time increment per step must be smaller than the critical time per step according to the 
reference presented by Qian et al. (2005). 
min
cr
d
Lt t
C
' d '  ,                                                                                                                                     (1) 
d
2C O P
U
 ,                                                                                                                                          (2)  
(1 )(1 2 )
Ev
v v
O  
 
,                                                                                                                                   (3)  
2(1 )
E
v
P  

,                                                                                                                                             (4) 
where ¨t is the time increment per step; ¨tcr is the critical time per step; Lmin is the minimum of the distances 
between arbitrary two nodes of finite element meshes; Cd is the speed of the stress wave propagation in finite 
element meshes; ȡ is mass destiny; Ȝ and ȝ are constants; E is Young’s modulus; v is Poisson’s ratio.    
Firstly, according to equations of (1) – (4), it can be deduced that when the mass density of material increases to m 
times, ¨tcr increases to m  times. Accordingly, the total simulation time decreases to 1/ m  times. However, a too 
larger mass scaling factor would result in a larger finite element simulation error. In this case, the simulation 
results cannot accurately reflect actual situation. Therefore, it is significantly necessary to determine an appropriate 
mass scaling factor.  
    Secondly, the value of ¨tcr can also be changed by changing the value of time scaling factor in ABAQUS 
software. The default of the time scaling factor is 1. As the time scaling factor increases, ¨tcr is changed into a 
bigger value. In this case, the total simulation time decreases. It must be noted that when the time scaling factor is 
bigger than 1, the finite element solution may not be converged. Therefore, a reasonable value of the time scaling 
factor can reduce the simulation time.   
    Finally, as the numerical simulation process proceeds, the finite element meshes are increasingly severely 
distorted. The finite element solution difficulties cased by severely distorted meshes will lead to the increase of 
simulation time. The numerical simulation can be even broken down by severely distorted meshes. However, the 
ALE remeshing technology can efficiently avoid these disadvantages. The number of remeshing per increment 
should be determined according to the degree of mesh distortion. The more severe the degree of mesh distortion is; 
the bigger the number of remeshing per increment is.   
    In summary, according to above analysis, key simulation parameters (such as mass scaling factor, time scaling 
factor and remeshing sweeps per increment) have significant influences on both simulation time and simulation 
accuracy in the numerical simulation of the rolling process. In order to study the effects of key simulation 
parameters on the rolling process, the following three numerical simulation experiments were designed and 
performed. 
    Case 1:  In order to study the effects of mass scaling factor on the rolling process, experiment 1 simulated the 
rolling processes with five different values of mass scaling factor: (1) m = 50; (2) m = 100; (3) m = 200; (4) m = 
300; (5) m = 400. The time scaling factor is selected as 1. The number of remeshing sweeps per increment is 
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selected as 1. 
    Case 2:  In order to study the effects of time scaling factor on the rolling process, experiment 2 simulated the 
rolling processes with five different values of time scaling factor: (1) n = 0.5; (2) n = 0.75; (3) n = 1.0; (4) n = 1.15; 
(5) n = 1.3. The mass scaling factor is selected as 100. The number of remeshing sweeps per increment is selected 
as 1. 
    Case 3:  In order to study the effects of remeshing sweeps per increment on the rolling process, experiment 3 
simulated the rolling processes with four different values of remeshing sweeps per increment: (1) p = 1; (2) p = 5; 
(3) p = 10; (4) p = 15. The mass scaling factor is selected as 100. The time scaling factor is selected as 1. 
 4. Results and discussion 
Fig. 2 (a) shows the change curve of the simulation time over the mass scaling factor. The simulation time 
gradually decreases when the mass scaling factor increases from 50 to 200. This phenomenon agrees with 
calculation results in section 3 of this paper. However, the simulation time basically maintains constant when the 
mass scaling factor increases from 200 to 400. According to theoretical calculation, the simulation time should 
decrease. The reason of this phenomenon may be that when the mass scaling factor grows to 300 and 400, the 
finite element meshes are severely distorted. In this case, the finite element solution becomes more and more 
difficult. Therefore, the simulation time doesn’t decrease. Fig. 2 (b) shows the volume change curve of conical ring 
over the mass scaling factor. The volume loss of ring gradually increases as the mass scaling factor increases. This 
indicates that the finite element error grows up as the mass scaling factor increases. In conclusion, a too larger 
mass scaling factor (such as 300 and 400) is not able to save the simulation time and decrease the finite element 
error. An appropriate mass scaling factor for the established FE model of the rolling process is 50. 
      
(a)                                                                                       (b) 
Fig. 2. Effects of mass scaling factor on conical ring rolling process. (a) Change curve of simulation time; (b) volume change curve of conical 
ring. 
Fig. 3(a) shows the change curve of the simulation time over the time scaling factor. The simulation time 
gradually decreases as the time scaling factor increases. Fig. 3(b) shows the volume change curve of conical ring 
over the time scaling factor. The volume loss of conical ring firstly increases and then decreases, but the changing 
range of the volume loss of conical ring is small. When the time scaling factor equals to 1.3, the numerical 
simulation process was broken down because of non-convergence. This indicates that a larger time scaling factor 
can reduce simulation time, but a too larger time scaling factor may stop the numerical simulation process. An 
appropriate time scaling factor for the established FE model of the rolling process is 1.15. 
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Fig. 3. Effects of time scaling factor on conical ring rolling process. (a) Change curve of simulation time; (b) volume change curve of conical 
ring. 
      
(a)                                                                                        (b) 
Fig. 4. Effects of remeshing sweeps per increment on conical rolling process. (a) Change curve of simulation time; (b) volume change curve of 
conical ring. 
Fig. 4(a) shows the change curve of the simulation time over the remeshing sweeps per increment. The 
simulation time gradually increases as the number of remeshing per increment increases. Fig. 4(b) shows the 
volume change curve of the ring over the remeshing sweeps per increment. The volume loss of the ring is almost 
the same as the number of remeshing per increment increases. Therefore, an appropriate value of the number of 
remeshing per increment is 1. 
5. Conclusions 
The effects of key simulation parameters (such as the mass scaling factor, the time scaling factor, and the 
remeshing sweeps per increment) on the volume loss of a conical ring and the simulation time of the conical ring 
rolling process were studied. In order to decrease simulation time and simultaneously reduce the finite element 
error of the simulation process of radial conical ring rolling process with a closed die structure on the top and 
bottom of driven roll, the appropriate values of the mass scaling factor, the time scaling factor and the number of 
remeshing per increment are 50, 1.15 and 1, respectively.  
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